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Role of pl4ARF-HDM2-p53 axis in SOX6-mediated tumor

suppression

J Wang, S Ding, Z Duan, Q Xie, T Zhang, X Zhang, Y Wang, X Chen, H Zhuang and F Lu

Sex-determining region Y box 6 (SOX6) has been described as a tumor-suppressor gene in several cancers. Our previous work has
suggested that SOX6 upregulated p21"V21/“P1(p21) expression in a p53-dependent manner; however, the underlying mechanism
has remained elusive. In this study, we confirmed that SOX6 can suppress cell proliferation in vitro and in vivo by stabilizing p53
protein and subsequently upregulating p21. Co-immunoprecipitation and immunocytofluorescence assays demonstrated that
SOX6 can promote formation of the p14ARF-HDM2-p53 ternary complex by promoting translocation of p14ARF (p14 alternate
reading frame tumor suppressor) to the nucleoplasm, thereby inhibiting HDM2-mediated p53 nuclear export and degradation.
Chromatin immunoprecipitation combined with PCR assay proved that SOX6 can bind to a potential binding site in the regulatory
region of the c-Myc gene. Furthermore, we confirmed that SOX6 can downregulate the expression of c-Myc, as well as its direct
target gene nucleophosmin 1 (NPM1), and that the SOX6-induced downregulation of NPM1 is linked to translocation of p14ARF to
the nucleoplasm. Finally, we showed that the highly conserved high-mobility group (HMG) domain of SOX6 is required for SOX6-
mediated p53 stabilization and tumor inhibitory activity. Collectively, these results reveal a new mechanism of SOX6-mediated
tumor suppression involving p21 upregulation via the p14ARF-HDM2-p53 axis in an HMG domain-dependent manner.
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INTRODUCTION

SOX (Sry-type HMG box) family proteins are a conserved group of
transcriptional regulators defined by the presence of a highly
conserved high-mobility group (HMG) domain that mediates their
capacity for DNA binding.'™ SOX proteins are expressed in various
cell lineages, where they have critical roles in cell fate determina-
tion and in differentiation of developing tissues. Depending on
their interacting partners and target sequences, SOX proteins can
act as either transcriptional activators or repressors to modulate
expression of different genes.?

SOX proteins are classified into eight groups (A-H), based on
the amino-acid sequences in the HMG domain."? SOX6
(sex-determining region Y box 6) belongs to the D group, and
its HMG domain recognizes the (A/T)(A/T)CAA(A/T) highly
conserved sequence. However, binding of SOX6 to DNA alone
does not elicit transcriptional regulation, and binding of other
transcriptional factors to adjacent DNA sites is required."*”
Studies by our lab and others have confirmed the tumor-
suppressive function of SOX6 in various human malignancies,
including chronic myeloid leukemia,® esophageal squamous cell
carcinoma’ and hepatocellular carcinoma.®® SOX6 can act as
either a positive or negative modulator of its various target genes.
For example, SOX6 suppresses cell proliferation by promoting
SOCS3 expression in K562 and primary erythroid cells, and this
process is mediated by binding of the HMG domain to its double-
binding site in the regulatory region of the SOCS3 gene.® Whereas
in pancreatic B-cells, SOX6 suppresses cyclin D1 expression by
binding with B-catenin and HDAC1 at the CCNDT gene promoter,
which leads to suppression of cell proliferation.'® However, the

underlying mechanisms involved in the tumor suppressor roles of
SOX6 have not been fully addressed.

We have previously reported that SOX6 can inhibit HCC cell
proliferation via upregulation of the p21 protein in a p53-
dependent manner.2 However, little is known about the mechan-
ism that mediates the role of SOX6 in p53 activation. In the current
study, we identified a new mechanism by which the SOX6-
mediated decrease in expression of c-Myc and nucleophosmin 1
(NPM1) may lead to the stabilization and activation of p53 protein
through the p14ARF-HDM2-p53 axis; ultimately, these molecular
events contribute to the HMG domain-dependent tumor inhibi-
tory activity of SOX6.

RESULTS

SOX6-mediated suppression of cell proliferation is HMG domain-
dependent

The HMG domain is crucial for the function of SOX6.%'° To explore
whether the HMG domain is required for suppression of cell
proliferation induced by SOX6, both wild-type and HMG domain-
deleted (AHMG) SOX6 expression plasmids were generated
(Figures 1a and b) and transiently transfected into Hela and
SMMC7721 cells. MTT [3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl
tetrazolium bromide] assay showed that overexpression of SOX6
significantly  suppressed proliferation of the Hela and
SMMC7721 cells, as compared with control cells transfected with
empty vector. In contrast, transfection with the SOX6AHMG
mutant had no effect on cell proliferation (Figures 1c and d). In
line with these findings, doxycycline (Dox)-mediated conditional
expression of SOX6 in HeLa SOX6-tet cells also led to significantly
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Figure 1. HMG domain mediates SOX6-induced suppression of cell proliferation via cell cycle arrest in the GO/G1 phase. (a) Schematic of SOX6
and SOX6AHMG (HMG domain deletion) depicting the functional domain. (b) Ectopic expression of SOX6 or SOX6AHMG was measured in
Hela cells transfected with pLex-HA-SOX6 or pLex-HA-SOX6AHMG vectors. Proliferation of HelLa (c) or SMMC7721 (d) cells transfected with
pLex-HA-SOX6, pLex-HA-SOX6AHMG or control expression vector, or of HelLa-tet cells (e) was measured using MTT assay. For the Hela-tet
cells, each cell type was cultured in medium with Dox (2 pg/ml) or control medium for 96 h. Data (c-e) shown are the mean +s.d. of 5
independent experiments (*P < 0.05, **P < 0.01 and ***P < 0.001, Student'’s t-test, two-sided). The column diagram of the cell cycle of HelLa (f)
or SMMC7721 (g) cells transfected with pLex-HA-SOX6, pLex-HA-SOX6AHMG or control expression vector, or of Hela-tet cells (h), was
measured using flow cytometry. Data (f-h) shown are the mean +s.d. of 5 independent experiments (*P < 0.05, x* test, two-sided). The
statistical tests (c-h) are justified as appropriate and meet the assumptions of the tests. The variance between the groups is similar. aa,

Amino acids.

suppressed cell proliferation, and this effect was absent in Hela
EGFP-tet cells as well as in HeLa SOX6AHMG-tet cells (Figure 1e).
Flow cytometry analysis showed that both SOX6-transfected HelLa
and SMMC7721 cells had significantly increased percentage of the
GO0/G1-phase cells and decreased percentage of the S-phase cells,
which was absent in the SOX6AHMG-transfected cells (Figures 1f
and g and Supplementary Figure S1A). Meanwhile, Dox-induced
SOX6 expression in the HeLa SOX6-tet cells also led to cell cycle
arrest in the GO/G1 phase, but not in the HeLa SOX6AHMG-tet cells
(Figure Th and Supplementary Figure S1B). Moreover, no effect of
SOX6 on cell apoptosis was observed (Supplementary Figure S1C).
Taken together, these results suggest that SOX6 might act as an
important suppressor of cell proliferation and that such function is
critically dependent on the presence of the HMIG domain.

SOX6-mediated suppression of xenograft tumorigenesis is HMG
domain-dependent

We further investigated whether the HMIG domain was involved in
the tumor inhibitory activity of SOX6 in vivo. HeLa SOX6-tet or
SOX6AHMG-tet cells were subcutaneously injected into the flanks
of nude mice. In parallel, one group of mice was fed with Dox
dissolved in 10% sucrose solution, and a second group of mice
was fed with 10% sucrose solution to serve as the control. As
expected, the Dox feeding induced suppression of xenograft
tumorigenesis in the mice injected with the HeLa SOX6-tet cells,
but not in the mice injected with the HeLa SOX6AHMG-tet cells. As
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shown in Figures 2a and b, the between-group difference in tumor
size reached statistical significance on day 14 postinjection and
the difference became much more significant at day 21, when the
mice were killed under anesthesia. Similarly, weights of the tumor
blocks in mice injected with the Hela SOX6-tet cells were
significantly smaller in the Dox-treated group compared with that
in non-Dox-treated mice (Figure 2c). In contrast, the Dox
treatment produced no obvious effects on the tumor size and
weight in mice injected with the HelLa SOX6AHMG-tet cells
(Figures 2a-c). Moreover, immunohistochemical assay revealed
that the percentage of Ki-67-positive cells in tumors formed by the
HelLa SOX6-tet cells was lower in the presence of Dox compared
with that in the absence of Dox (Figure 2d). These results suggest
that SOX6 can suppress xenograft tumorigenesis in vivo, and that
this effect is HMG domain-dependent.

HMG domain and p53 are required for SOX6-induced p21
upregulation

Previous studies have demonstrated that SOX6 can upregulate the
protein level of p21.”% To test whether SOX6-induced p21
expression was dependent upon the presence of its HMG domain,
the mRNA level and promoter activity of the p27 gene was
detected in HelLa and SMMC7721 cells that had been transiently
transfected with SOX6 or SOX6AHMG expression plasmids.
Quantitative reverse transcription—-PCR (qPCR) indicated that
ectopic-SOX6 expression in both HeLa and SMMC7721 cells led
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HMG domain mediates SOX6-induced suppression of tumorigenesis. (a) Growth curve of tumors formed by subcutaneous injection

of HeLa SOX6-tet or SOX6AHMG-tet cells into the flank of nude mice, after which the mice were fed with or without Dox (1 mg/ml) in a 10%
sucrose solution. Data shown are the mean +s.d. (*P < 0.05, Student’s t-test, two-sided). (b) Representative tumor blocks from each group
taken at killing. (c) Average tumor weights (g) of tumor blocks. Data shown are the mean =+ s.d. (n, number of mice in each group, *P < 0.05,
Student’s t-test, two-sided). (d) Representative micrographs showing Ki-67 staining in tumor tissues from the mice injected with HeLa SOX6-
tet cells and fed without (left panel) or with (right panel) Dox. The statistical tests (a and c) are justified as appropriate and meet the

assumptions of the tests. The variance between the groups is similar.

to obvious increase in p27 mRNA level (Figure 3a). In line with the
observed mRNA changes, the dual-luciferase assay showed that
ectopic-SOX6 expression could increase the transcriptional activity
of the p21 gene promoter (Figure 3b). In contrast, ectopic
expression of SOX6AHMG failed to induce p21 expression. These
data demonstrate the necessity of the HMG domain for SOX6-
induced p21 expression.

Our previous work identified the involvement of p53 in SOX6-
induced p21 upregulation.? Consistent with this, the overexpres-
sion of SOX6 in both HelLa and SMMC7721 cells led to the
simultaneous upregulation of p53 and p21 protein levels
(Figure 3c). On the other hand, stable knockdown of SOX6
expression in Hela cells led to a decrease in the levels of both p53
and p21 protein (Supplementary Figure S2A). To further demon-
strate the above observation, we repeated the experiment in HelLa
SOX6-tet cells. Consistent with the results obtained from the
transient transfection system, protein levels of both p53 and the
direct downstream molecule p21 were simultaneously increased
in a time-dependent manner (Figure 3d). This finding was also
supported by the observed upregulation of p53 and p21 proteins
in the xenograft tumor tissues from the Dox-treated mice that had
been injected with the HeLa SOX6-tet cells (Figures 3e and f). The
above results indicated that SOX6 can upregulate p21 expression
by increasing the protein levels of p53.

It is known that p53 is inactivated by the human papillomavirus
(HPV) E6 protein in the HPV-positive Hela cell line, and that this
process is mediated by ubiquitination-dependent degradation.
However, we were still able to detect the endogenous p53 protein
in the Hela cell line, perhaps owing to the incapability of
endogenous E6 protein to completely degrade all p53 proteins
(Figures 3c—e). Thus, SOX6 may upregulate p21 in Hela cells by
reversing the inactivation of p53.

To further confirm if the SOX6-induced transcriptional activation
of p21 may be dependent on p53, we performed dual-luciferase
assays in Hela cells with ectopically expressed short hairpin RNA
(shRNA) against the p53 or E6 protein. The SOX6-mediated p21
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activation was significantly reduced when p53 was further
inactivated (Figures 3g and h). Moreover, Huh7 cells that harbored
a p53 loss-of-function mutant showed neither the SOX6-induced
upregulation of p21 expression nor inhibition of cell proliferation
(Supplementary Figures S2B-S2D). Collectively, these data provide
additional evidence that p53 activation is required for the SOX6-
induced upregulation of p21 expression.

SOX6 stabilizes p53 protein by inhibiting nuclear export and
ubiquitination of the p53 protein

To better understand the mechanism by which SOX6 activates
p53, we first used gPCR to detect the p53 mRNA level in both
Hela and SMMC7721 cells that overexpressed SOX6. However, the
p53 mMRNA level remained unchanged in both cell types
(Supplementary Figure S3A). We next used a turnover assay to
test whether SOX6 could affect the ubiquitination-dependent
degradation of p53. As shown in Figures 4a and b, overexpression
of SOX6, and not SOX6AHMG, significantly extended the half-life
of endogenous p53 protein in both HeLa and SMMC7721 cells.
Consistent with this result, the ubiquitination of p53 protein was
markedly decreased (Figure 4c). The above results suggest that
SOX6 upregulates p53 by inhibiting its ubiquitination-dependent
degradation, rather than by promoting its transcription.

It is well known that HDM2, a RING-finger ubiquitin E3 ligase,
can initiate the ubiquitination-dependent degradation of p53
protein in the cytoplasm upon binding to and exporting p53 to
the cytoplasm, and that phosphorylation of the p53 protein sites
Ser15, Ser20 and Ser37 can block this HDM2-mediated activity."'
To elaborate the mechanism of SOX6-mediated p53 stabilization,
we assessed the phosphorylated levels of p53 in SOX6-
overexpressing cells. However, we observed no effect of SOX6
on the phosphorylation status of the p53 protein (Supplementary
Figure S3B). Nor did we observe any effect of SOX6 on the
interaction of HDM2 and p53, suggesting that the decreased
ubiquitination of the p53 protein might involve inhibition of the

© 2016 Macmillan Publishers Limited
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Figure 3. HMG domain mediates p21 activation in a p53-dependent manner. (@) The mRNA levels of p27 were measured by qPCR (SYBR Green)
in HeLa and SMMC7721 cells that had been transfected with pLex-HA-SOX6, pLex-HA-SOX6 AHMG or control expression vector. -Actin (ACTB)
was used as the internal control. Data shown are the mean + s.d. of six independent experiments performed in triplicate. (b) A dual-luciferase
assay was performed to analyze the SOX6-mediated regulation of the p27 promoter in HeLa and SMMC7721 cells that had been
co-transfected with pGL3-p21-luciferase, PRL-TK and pLex-HA-SOX6, pLex-HA-SOX6AHMG or control expression vector. Data shown are the
mean = s.d. of five independent experiments performed in triplicate. (c) Western blot analysis of p53 and p21 protein levels in HelLa and
SMMC7721 cells that had been transfected with pLex-HA-SOX6, pLex-HA-SOX6AHMG or control expression vector. a-Tubulin was used as the
internal control. (d) Western blot analysis of p53 and p21 protein levels in HeLa SOX6-tet or SOX6 /\HMG-tet cells along with the time after
addition of Dox (2 pg/ml). (e) Western blot analysis of p53 and p21 protein levels in tumor lysates of nude mice. (f) Representative micrographs
showing p53 staining of tumor tissues from the mice that had been injected with HeLa SOX6-tet cells and fed without (left panel) or with
(right panel) Dox. (g) A dual-luciferase assay was conducted in Hela cells co-transfected with pGL3-p21-luciferase, PRL-TK, pLex-HA-SOX6 and
p53 shRNA vector or scrambled shRNA (control) vector. (h) A dual-luciferase assay was conducted in HelLa cells co-transfected with pGL3-p21-
luciferase, PRL-TK, SOX6 and pCMV-E6 or control vector. Data shown (g and h) are the mean =+ s.d. of five independent experiments (**P < 0.01,
Student’s t-test, two-sided). The statistical tests are justified as appropriate and meet the assumptions of the tests. The variance between the
groups is similar.

p53-ubiquitination activity of HDM2 (Supplementary Figure S3C).
Because the p53 protein is known to be primarily ubiquitinated
and degraded in the cytoplasm,’’ we considered the possibility
that SOX6 is able to reduce the export of p53 protein from the
nucleus to the cytoplasm, consequently stabilizing the p53
protein. As expected, SOX6 significantly induced the nuclear
accumulation of the p53 protein (Figures 4d and e). As blocking of
the HDM2-mediated nuclear export is known to abrogate HDM2-
mediated p53 degradation,'""'? we next detected the subcellular

suggest that overexpression of SOX6 can effectively inhibit the
nuclear export and ubiquitination of p53, subsequently stabilizing
p53 in an HMG-dependent manner.

SOX6 promotes formation of the p14ARF-HDM2-p53 ternary

complex by inducing translocation of p14ARF to the nucleoplasm
Previous studies have revealed that the p14 alternate reading
frame tumor suppressor (p14ARF) is capable of inhibiting the

localization of HDM2 in the HelLa SOX6-tet cells and found that
HDM2 and p53 were simultaneously accumulated in the nucleus
following induction of SOX6 expression (Figure 4f). To confirm this
observation, the cytoplasmic and nuclear protein fractions of HelLa
SOX6-tet cells were separated and subjected to western blot
assay. The nuclear levels of HDM2 and p53 proteins were
significantly increased after Dox treatment, whereas the cytoplas-
mic levels of HDM2 and p53 proteins were decreased (Figure 4g).
Likewise, the SOX6AHMG mutant had no effect on the nuclear
accumulation of p53 and HDM2. Taken together, these results

© 2016 Macmillan Publishers Limited

nuclear export and p53-ubiquitination activity of HDM2, as well as
increasing the stability of the p53 protein by forming the p14ARF-
HDM2-p53 ternary complex.'*'® To test whether SOX6 can
promote formation of the p14ARF-HDM2-p53 complex, Hela
SOX6-tet cells were co-transfected with pLex-p14ARF-myc and
pLex-HDM2-V5 plasmids, and the cell lysates were subjected to
co-immunoprecipitation assay. More p53 protein was pulled down
in the anti-myc-tagged p14ARF immunoprecipitates of the Dox-
treated Hela SOX6-tet cells compared with that of the Hela
SOX6AHMG-tet cells (Figure 5a). Conversely, more p14ARF protein
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Figure 4. SOX6 increases the stability of p53 protein by inhibiting the nuclear export and ubiquitination of p53. Turnover assay of p53 protein

in Hela cells (a) and SMMC7721 cells (b) that had been transfected with SOX6, SOX6AHMG or control expression vector with cycloheximide
(CHX) (100 pg/ml) treatment at 48 h post transfection for the indicated times. (c) Immunoprecipitation and western blot assays were
conducted to determine the effect of SOX6 on p53-ubiquitination/HDM2 activity in HeLa SOX6-tet cells transfected with a ubiquitination
expression vector and treated with or without Dox (2 pg/ml) for 48 h. (d) Immunocytofluorescence staining of p53 in Hela cells that had been
co-transfected with pcDNA3.1-p53-myc and pLex-HA-SOX6, pLex-HA-SOX6AHMG or control expression vector. Nuclei (blue) are stained with
4'-6-diamidino-2-phenylindole (DAPI). (e) Immunocytofluorescence staining of p53 in HeLa SOX6-tet cells that had been transfected with
PcDNA3.1-p53-myc and treated with or without Dox (2 pg/ml) for 48 h. (f) Immunocytofluorescence staining of p53 and HDM2 in the same
field of HeLa SOX6-tet cells that had been co-transfected with pcDNA3.1-p53-myc and pLex-HDM2-V5 plasmids. Colocalization of p53 and
HDM2 was analyzed by merging the images of p53 and HDM2 in the same field. (g) Western blot was performed to detect the cytoplasmic or
nuclear protein levels of p53 and HDM2 in HeLa SOX6-tet and SOX6AHMG-tet cells that had been co-transfected with pcDNA3.1-p53-myc and
pLex-HDM2-V5 plasmids. Cytoplasmic and nuclear proteins were extracted at 48 h of transfection, and purity of the nuclear and cytoplasmic

extracts was indicated by SP1 and a-tubulin, respectively.

was pulled down in the anti-myc-tagged p53 immunoprecipitates
of the Dox-treated HelLa SOX6-tet cells (Figure 5b). It has been
reported that p53 cannot bind to p14ARF directly and that the
P14ARF-p53 association is bridged by HDM2."® In line with this,
p14ARF also efficiently pulled down HDM2 (Figure 5a). Thus, our
data strongly suggest that SOX6 may promote formation of the
p14ARF-HDM2-p53 ternary complex.

We next investigated the mechanism by which SOX6 promotes
formation of the p14ARF-HDM2-p53 ternary complex. Testing of
the transcriptional regulation of SOX6 on the p14ARF gene by
PCR assay showed no change of p14ARF mRNA level in either
Hela or SMMC7721 cells overexpressing SOX6 (data not shown).
Similarly, SOX6 overexpression produced no effects on the protein
level of p14ARF, suggesting that the SOX6-induced p14ARF-
HDM2-p53 ternary complex formation is unrelated to p14ARF
expression (Figure 5c¢). Testing of the effect of SOX6 on the
subcellular distribution of p14ARF protein by immunocytofluores-
cence assay indicated that SOX6 overexpression in Hela cells can
promote translocation of p14ARF from the nucleolus to the
nucleoplasm (Figures 5d and e). Furthermore, the observed SOX6-
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mediated p53 induction was accompanied by the translocation of
p14ARF to the nucleoplasm, indicating that p53 is induced by
translocation of p14ARF to the nucleoplasm (Figure 5f).

c-Myc is a direct mediator of SOX6-induced p53 activation

We next investigated the mechanism responsible for the SOX6-
induced nucleoplasmic translocation of p14ARF. NPM1 was
considered first, as it has been reported to target p14ARF to the
nucleolus and to block p14ARF-mediated p53 activation.'®'”
Interestingly, we found that SOX6 was able to downregulate the
mRNA and protein levels of NPM1 and its direct inducer c-Myc in
Hela and SMMC7721 cells (Figures 6a—c), and that these effects
were HMG domain-dependent. As NPM1 is a direct target gene of
c-Myc,"” the SOX6-mediated downregulation of NPM1 may be
owing to the downregulation of c-Myc. To test this notion, we
transfected c-Myc expression plasmids into Hela cells, and
detected the NPM1 protein level. Indeed, overexpression of
c-Myc upregulated the NPM1 protein level (Figure 6d). In addition,
it has been reported that phosphorylation of NPM1 can inhibit its

© 2016 Macmillan Publishers Limited
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Figure 5. SOX6 promotes formation of the p14ARF-HDM2-p53 ternary complex and translocation of p14ARF to the nucleoplasm. (a) Hela
SOX6-tet and SOX6AHMG-tet cells were co-transfected with pLex-p14ARF-myc or pLex-HDM2-V5 plasmids with or without Dox (2 pg/ml)
treatment, and the cell lysates were subjected to co-immunoprecipitation by anti-myc-tag antibody. One-tenth of the total cell lysate volume
was subjected to direct western blot analysis. (b) HeLa SOX6-tet cells were transfected with the pCDNA3.1-p53-myc plasmid and the cell
lysates were subjected to co-immunoprecipitation (co-IP) by anti-myc-tag antibody. (c) Western blot was performed to analyze the p14ARF
protein levels in HeLa and SMMC7721 cells that had been transfected with pLex-HA-SOX6, pLex-HA-SOX6AHMG or control expression vector.
(d) Immunocytofluorescence staining of p14ARF in Hela cells that had been co-transfected with pLex-p14AF and pLex-HA-SOX6, pLex-HA-
SOX6AHMG or control expression vector. (e) Immunocytofluorescence staining of p14ARF in HeLa SOX6-tet and SOX6AHMG-tet cells that had
been transfected with pLex-p14ARF and treated with or without Dox (2 pg/ml) for 48 h. Fibrillarin was used as a nucleolar marker.
(f) Immunocytofluorescence staining of p14ARF and endogenous p53 in HeLa SOX6-tet cells that had been transfected with pLex-p14ARF and

treated with or without Dox (2 pg/ml) for 48 h. IP, immunoprecipitate; 1B, immunoblotting.

ability to bind with p14ARF, thereby preventing nucleolar
sequestration of p14ARF;'® thus, we assessed whether SOX6
affects the phosphorylation status of NPM1 and the interaction of
NPM1 and p14ARF. The results showed no change in the level of
phosphorylated NPM1 upon induction of SOX6 expression
(Figure 6e). Further, SOX6 had no influence on the interaction of
NPM1 and p14ARF, as observed in anti-NPM1 immunoprecipitates.
Although, a reduced level of NPM1 protein was noted in anti-myc-
tagged p14ARF immunoprecipitates, which might be due to the
SOX6-induced downregulation of NPM1 expression (Figure 6e). To
further confirm that the SOX6-mediated translocation of p14ARF
to the nucleoplasm is associated with the downregulation of
NPM1, we assessed the effect of SOX6 on the expression of NPM1
and the subcellular distribution of p14ARF using an immunocyto-
fluorescence assay. As expected, we observed the SOX6-mediated

© 2016 Macmillan Publishers Limited

translocation of p14ARF to the nucleoplasm accompanied by
downregulation of NPM1 (Figure 6f).

Considering our evidence showing the HMG domain as a
mediator of the SOX6 effects on the expression of c-Myc and its
direct target gene NPM1, we investigated whether c-Myc is a
direct mediator of SOX6-induced p53 activation. However, analysis
of the c-Myc gene promoter region identified no SOX6 double-
binding site (Figure 6g). Consistent with this finding, a dual-
luciferase assay with a luciferase reporter plasmid containing the
c-Myc gene promoter region (—1795 to 195 bp) also detected no
downregulation of the c-Myc gene promoter activity in response
to SOX6 overexpression (Figure 6h). As it has been previously
reported that the upstream sequence region far away from the
¢-Myc gene promoters may harbor regulatory capacity for c-Myc
expression,'® we searched the region from 10 000 bp upstream to
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Figure 6. SOX6-mediated p53 activation occurs via the direct downregulation of c-Myc. mRNA levels of NPM1 (a) and c-Myc (b) were
measured by gPCR in HeLa and SMMC7721 cells that had been transfected with pLex-HA-SOX6, pLex-HA-SOX6AHMG or control expression
vector. (c) Western blot was performed to analyze the protein levels of NPM1 and c-Myc in HeLa and SMMC7721 cells as above. (d) Western
blot was performed to analyze the protein levels of NPM1 in Hela cells overexpressing c-Myc. (e) Co-immunoprecipitation (co-IP) was
performed to analyze the effect of SOX6 on the phosphorylation status of NPM1 and the interaction of NPM1 and p14ARF in HeLa SOX6-tet
cells that had been transfected with pLex-p14ARF-myc plasmid and treated with or without Dox (2 pg/ml) for 48 h. To facilitate the analysis,
the amount of the pulled-down NPM1 protein was aligned. (f) Imnmunocytofluorescence staining of p14ARF and endogenous NPM1 in Hela
SOX6-tet cells that had been transfected with pLex-p14ARF-myc plasmid and treated with or without Dox (2 pg/ml) for 48 h. (g) A schematic of
the ¢c-Myc gene P1 and its upstream region. The predicted SOX6 double-binding site is at ~6000 bp upstream of P1 transcription start site
(TSS). For experimentation, the detailed sequence of the SOX6 double-binding site in bold face was boxed and the underlined sequences
served as the primer sequences for ChIP combined with PCR assay (ChIP-PCR). P1, c-Myc gene promoter 1; P2, c-Myc gene promoter 2. (h) A
dual-luciferase assay was performed to analyze the effect of SOX6 on ¢c-Myc gene promoter transactivity. (i) Binding of SOX6 to its potential
double-binding site in the regulatory region of c-Myc gene was analyzed by ChIP-PCR. (j) A dual-luciferase assay was performed in Hela cells
to analyze the effect of c-Myc on SOX6-mediated p27 gene promoter activation. The knockdown efficiency of c-Myc shRNA in Hela cells was
analyzed by western blot. Data shown (a, b and j) are the mean =+ s.d. of five independent experiments (**P < 0.01, Student’s t-test, two-sided).
The statistical tests are justified as appropriate and meet the assumptions of the tests. The variance between the groups is similar.
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1000 bp downstream of the c-Myc gene promoter 1 transcription
start site for a SOX6 binding site. A putative double-binding site
for SOX6 (CTTTGAA and AACAAAG) was found at ~6000 bp
upstream of the promoter 1 transcription start site (Figure 6g).
Chromatin immunoprecipitation (ChIP) combined with PCR assay
was performed in Hela cells to demonstrate the interaction of
SOX6 with the predicted double-binding site. As shown in
Figure 6i, SOX6 was able to specifically bind to the sequence
containing the double-binding site, and the SOX6AHMG mutant
was not able to bind. Further, a dual-luciferase assay demon-
strated that the enhancement of SOX6-induced luciferase activity
under the control of the p27 gene promoter was significantly
lower in Hela cells transfected with the c-Myc shRNA, as
compared with that in control cells (1.36+£0.19 vs 3.80+0.24,
P=0.029) (Figure 6j).

DISCUSSION

Previous studies have reported that SOX6 acts as a tumor-
suppressor gene and is frequently downregulated in different
human malignancies.””® We and others have previously shown
that SOX6 is able to upregulate the protein level of p21,”2 a key
negative regulator of cell cycle progression.?>?' However, the
underlying mechanism had not been precisely defined. Here, we
reported the observation for the first time that SOX6, in an HMG
domain-dependent manner, mediates tumor suppression and p21
upregulation via the p14ARF-HDM2-p53 axis.

In this study, we further confirmed that SOX6 is able to suppress
cell proliferation through a mechanism involving upregulation of p21
expression and blockade of the cell cycle at the GO/G1 phase in Hela
and SMMC7721 cells containing wild-type p53, but not in Huh7 cells,
which contain a mutant p53. Consistent with this result, SOX6 was
also found to upregulate the protein level of p53 and transcription-
ally upregulate p21 expression; the suppressed p53 reduced the
SOX6-induced p21 upregulation. In vivo analysis further confirmed
the ability of SOX6 to suppress tumorigenesis and upregulate p53 as
well as its direct target gene p21. Therefore, this study provides
convincing evidence of SOX6 upregulating p21 by activating p53.

Based on the extended half-life and decreased ubiquitination
level of endogenous p53 in the SOX6-overexpressing cells, we
concluded that SOX6 was able to activate p53 by increasing
stability of the p53 protein, rather than by promoting the
transcription of p53. The ubiquitination-dependent degradation
of p53 is known to be initiated mainly by HDM2, an E3 ligase that
can degrade p53 via binding to and exporting of the p53 protein
to cytoplasm.'"?'™2* In this study, we found that SOX6 does not
affect the binding of p53 with HDM2 but does induce the nuclear
accumulation of p53 and HDM2 simultaneously. These findings
suggest that SOX6 might stabilize the p53 protein by inhibiting
the HDM2-mediated p53 nuclear export and subsequent ubiqui-
tination. Besides HDM2, the E6 protein of HPV can also promote
degradation of the p53 protein in a ubiquitination-dependent
manner. As the HPV-positive Hela cells were used as the cell
model in this study, it is also possible that SOX6 stabilized the p53
protein by interfering with the E6 protein. At the moment, we
cannot rule out this possibility, but our observation of SOX6
stabilizing the p53 protein in HPV-negative SMMC7721 cells
suggests that HDM2 might be a key factor in the pathway of
SOX6-induced p53 stabilization. Further studies are needed,
however, to investigate the potential correlation between SOX6
and E6-mediated p53 degradation in Hela cells.

Numerous studies have demonstrated that the tumor suppres-
sor protein p14ARF can stabilize and activate p53 by inhibiting the
E3 ligase activity and nuclear export of HDM2, which is followed
by formation of the p14ARF-HDM2-p53 ternary complex.'>™'>2>7%"
Consistent with those reports, we found that SOX6 can trigger
formation of the p14ARF-HDM2-p53 ternary complex via induction
of translocation of p14ARF from the nucleolus to the nucleoplasm.
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The increase in p14ARF-HDM2-p53 ternary complex would be
expected to inhibit the nuclear export and p53-ubiquitination
activity of HDM2, thereby leading to stabilization of p53 protein.
As the binding of p53 with p14ARF was bridged by HDM2, we
predicted that increased binding of p14ARF and HDM2 would also
be observed when a noticeable increase of the p14ARF-bound
p53 was present in Hela cells overexpressing SOX6. Unexpectedly,
although, overexpression of SOX6 did not affect the interaction of
p14ARF and HDM2. One possible reason might be that p14ARF
could bind to HDM2 in both nucleolus and nucleoplasm,?®%° so
that the SOX6-induced translocation of p14ARF could increase the
formation of p14ARF-HDM2-p53 ternary complex but not affect
the ability of p14ARF to bind with HDM2. Of course, we cannot
rule out the possibility of interference of the E6 protein in Hela
cells, and further study is needed to elucidate this mechanism.

NPM1 (also called nucleolar phosphoprotein B23, NO38 or
numatrin) is an abundant and highly conserved protein that is
distributed most prominently in the nucleolus. It has been shown
that NPM1 can target p14ARF to the nucleolus and block p14ARF-
mediated p53 activation, and NPM1 knockdown is able to
trigger translocation of p14ARF from the nucleolus to the
nucleoplasm.'®*%*' As SOX6 was able to downregulate the
expression of NPM1, it was reasonable to postulate that SOX6-
induced p14ARF translocation might be mediated by NPMI.
Consistent with this postulation, we found that SOX6-mediated
translocation of p14ARF to the nucleoplasm is accompanied by a
decrease in NPM1 protein level. Moreover, SOX6-mediated down-
regulation of NPM1 decreases the level of p14ARF bound to NPM1.
It has been reported that ATM-mediated phosphorylation of NPM1
can inhibit the binding of NPM1 with p14ARF, and thereby
promoting the translocation of p14ARF to nucleoplasm.'®*?
Besides, AKT-mediated phosphorylation of NPM-Ser48 can prevent
the oligomerization of NPM1, and subsequently results in
nucleoplasmic localization of p14ARF, constitutive HDM2 inhibition
and stabilization of p53.3* However, we observed no effect of SOX6
on the phosphorylation of NPM1. Collectively, our data indicate that
SOX6-mediated NPM1 downregulation is at least one pathway
contributing to translocation of p14ARF and to formation of the
p14ARF-HDM2-p53 ternary complex.

Interestingly, the proto-oncogene c-Myc, which directly reg-
ulates the expression of NPM1,"” was also shown to be suppressed
by SOX6 in our study. Of note, a potential double-binding site for
SOX6 was identified at ~6000bp upstream of the c-Myc gene
promoter, suggesting that c-Myc may be a potential direct target
gene of SOX6. Consistent with this notion, ChIP combined with
PCR assay demonstrated the interaction of SOX6 protein with the
DNA sequence containing this predicted double-binding site and
knockdown of c-Myc expression significantly suppressed the
SOX6-induced p21 upregulation. Thus, we predicted that the
SOX6-mediated NPM1 downregulation and subsequent p53
activation might occur through its direct effector c-Myc.
A previous study showed that c-Myc overexpression not only
induced pT14ARF transcription but also stabilized p14ARF by
inhibiting the ubiquitin ligase activity of ULF in normal fibroblast
cells.>* However, although SOX6 inhibited c-Myc expression, the
mRNA and protein levels of p14ARF did not change when SOX6
was overexpressed in HeLa and SMMC7721 cancer cells, suggest-
ing that c-Myc upregulated p14ARF activity via inhibition of
NPM1-dependent p14ARF nucleolar sequestration in the HelLa and
SMMC7721 cells overexpressing SOX6.

The HMG domain is a crucially important functional domain of
the SOX proteins, as it mediates the ability of these proteins to
bind DNA and interact with other transcriptional factors.>%'0 |n
the current study, both in vitro and in vivo analyses confirmed that
the HMG domain was also a key element of SOX6-mediated tumor
suppression and p21 upregulation. Deletion of this domain
abolished the ability of SOX6 to bind to its regulatory site in
the ¢-Myc gene and to inhibit c-Myc expression. Importantly, the
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SOX6AHMG mutant showed a loss of ability to induce
the nucleoplasmic translocation of p14ARF as well as of the
subsequent formation of p14ARF-HDM2-p53 ternary complex,
thereby abolishing the effect of SOX6 on p53 activation. Of note,
SOX6 is a member of the Sox D group, which is characterized by
low DNA-binding affinity when binding without a partner;
therefore, SOX6 exerts its transcriptional regulatory functions in
a manner dependent on high affinity and specificity of other
transcription factors. However, the particular transcription factor
that contributes to the SOX6-mediated regulation of c-Myc
expression has not been explored in this study and further study
should be conducted.

Based on the collective discoveries of our study, as well as those
reported from other labs, we hypothesize that binding of SOX6 to
its double-binding site in the upstream regulatory region of the
¢c-Myc gene leads to downregulated expression of c-Myc and its
direct target gene NPM1, which in turn triggers translocation of
p14ARF from the nucleolus to the nucleoplasm. The nucleoplas-
mic p14ARF promotes formation of the p14ARF-p53-HDM2 ternary
complex and inhibits the nuclear export and p53-ubiquitination
activity of HDM2, thereby stabilizing and activating p53. Finally,
activation of p53 upregulates the expression of p21 and causes
cell cycle arrest in the GO/G1 phase (Figure 7).

In summary, this study uncovered a new mechanism by which
SOX6 suppresses tumor proliferation through the p14ARF-HDM2-
p53 axis.

MATERIALS AND METHODS
Cell lines

Hela cervix cancer cells were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and were recently authenticated by
short tandem repeat profiling. Huh7 and SMMC7721 liver cancer cells were
maintained as a laboratory stock. Hela EGFP-tet, SOX6-tet and
SOX6AHMG-tet polyclonal stable cells were constructed in our laboratory.
All cells were free of mycoplasma contamination detected by Hoechst
staining and were maintained in either Dulbecco's modified Eagle's
medium or RPMI-1640 supplemented with 10% fetal bovine serum (Gibco,
Life Technologies, Carlsbad, CA, USA).

Plasmids

The pCMV-E6, pCMV-HA-SOX6, pGL3-p21-luciferase, pGL3-HDM2-luciferase
and PRL-TK plasmids were maintained as laboratory stocks.®>> The plenti6-
TREpitt-EGFP and pELNS-PBX3-IRES-neo plasmids used to construct Hela
EGFP-tet cells were kindly provided by Professor Zhigian Zhang (Beijing
Institute for Cancer Research, Peking University Health Science Center,
Beijing, China). The pCMV-HA-SOX6AHMG plasmid was generated from
pPCMV-HA-SOX6 using QuikChange site-directed mutagenesis (Stratagene,
La Jolla, CA, USA). The pLex-HA-SOX6, pLex-HA-SOX6AHMG, plenti6-
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Figure 7. The pathway of SOX6-mediated p21 upregulation.
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TREpitt-SOX6 and plenti6-TREpitt-SOX6AHMG plasmids were constructed
based on pCMV-HA-SOX6 and pCMV-HA-SOX6AHMG plasmids. The pGL3-
(c)Myc-luciferase plasmid was constructed by PCR from HelLa cDNA, and
the PCR products were subsequently ligated into the pGL3-basic plasmid
after digestion with Nhel and Hindlll. The pcDNA3.1-p53-myc was
constructed by PCR from HelLa <DNA, and the PCR products were
subsequently ligated into the pcDNA3.1/myc-His(—) B plasmid after
digestion with Xhol and EcoRl. The pLex-HDM2-V5, pLex-p14ARF-V5 and
pLex-(c)Myc plasmids were constructed by PCR from HelLa cDNA, and the
PCR products were subsequently ligated into the pLex plasmid. The primer
sequences used for plasmid construction are listed in Supplementary Table
ST.

RNA interference

shRNA plasmids were constructed by annealing two oligonucleotides and
subsequently ligated into the pRNA-U6.1/Neo vector after digestion with
BamH] and Hindlll. The RNA interference assay was performed as described
previously.® The oligonucleotide sequences used for shRNA construction
are listed in Supplementary Table S2.

Cell viability assays
Cell viability assays were carried out in 96-well plates as described
previously.®

Tumorigenicity assays in nude mice

The effect of SOX6 on the tumorigenesis ability of Hela cells was
investigated in vivo as described previously.? Briefly, 5x10° HeLa SOX6-tet
or HeLa SOX6AHMG-tet cells were suspended in 100 ul phosphate-
buffered saline and then injected subcutaneously into the armpit of
6-week-old female C57/BL6 nude mouse. HeLa SOX6-tet cells were injected
into one side, and HeLa SOX6AHMG-tet cells were injected into the other
side of the same mouse. To ensure at least five mice in each group could
be used to statistical analysis, we chose eight mice into each group for
tumorigenicity assay. If the mouse died or did not form tumor during the
study, it would be excluded. Sixteen mice were not randomly but evenly
divided into two groups according to body weight. One group of mice
were fed with Dox (1 mg/ml) dissolved in 10% sucrose solution, and the
other group of mice were fed with 10% sucrose solution as the control.
Tumor formation in nude mice was monitored over a 3-week period. The
investigator was not blinded during the study. The tumor volume was
calculated by formula V= 0.5x L x W?, where L is the the length of the
tumor and W is the width of the tumor. All mouse care procedures and
experiments were designed and carried out according to the guidelines
established by the Institutional Animal Care and Use Committee at the
Peking University Health Science Center. All mouse experiments were
approved by the Institutional Animal Care and Use Committee at the
Peking University Health Science Center.

Cell cycle assay

Cells were seeded in a 6-cm dish and allowed to grow for 16-24 h, and
then transiently transfected with the plasmids indicated in the relevant
Results section or treated with Dox (2 pg/ml). Two days later, the cells were
washed with phosphate-buffered saline two times, resuspended in 2 ml of
75% ethanol, fixed overnight, resuspended in 200 pl phosphate-buffered
saline with 20 ul RNaseA (Roche, Basel, Switzerland), and incubated at 37 °C
for 30 min, after which the cell suspension was transferred into a new tube,
mixed with 50 ul of PI staining solution (51-66211E; BD Biosciences,
San Jose, CA, USA), and analyzed in a flow cytometer (FACSCalibur;
BD Biosciences).

RNA extraction and qPCR

RNA extraction, reverse transcription and gPCR were carried out as
described previously.? The primer sequences used for qPCR are listed in
Supplementary Table S3.

Dual-luciferase reporter assay
Dual-luciferase reporter assays were carried out as described previously.®
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Immunoprecipitation and immunoblots

Cellular extracts were prepared in lysis buffer (50 mm HEPES (pH 7.4),
1.5mm EDTA, 150 mm NaCl, 10% glycerol, 10 mm NaF, 1T mm Na3VO,,
0.5 mm dithiothreitol, 1% Triton X-100 and 1% Protease Inhibitor Cocktail
(P8340; Sigma, St Louis, MO, USA) and subjected to immunoprecipitation
and/or immunoblot analysis as described previously.? The antibodies used
are listed in Supplementary Table S4.

Immunocytofluorescence

Cells were seeded in a 24-well plate at 1x10° cells per well, allowed
to grow for 16-24h and then transiently transfected with the
plasmids indicated in the relevant Results section or treated with Dox
(2 pg/ml). Two days later, cells were fixed in 4% paraformaldehyde
in phosphate-buffered saline for 20 min, permeabilized with 0.3%
Triton X-100 for 10 min and subsequently incubated with antibodies.
Finally, the cells were counterstained with 4’-6-diamidino-2-phenylindole
and examined under a Leica inverted fluorescence microscope
(DM130CCB; Leica, Solms, Germany). The antibodies use are listed in
Supplementary Table S4.

Extraction of cytoplasmic and nuclear proteins

Cytoplasmic and nuclear proteins were extracted using the NE-PER Nuclear
and Cytoplasmic Extraction Reagents (Thermo Scientific Pierce, Thermo
Fisher Scientific, Waltham, MA, USA) in accordance with the manufacturer’s
specifications.

Chip

The ChIP assay was performed as described previously.® Hela cells
were transfected with the pLex-HA-SOX6, pLex-HA or pLex-SOX6AHMG
plasmid. The lysates were incubated with rabbit anti-HA-tag-
ChIP grade (ab9110; Abcam) or immunoglobulin G from rabbit serum
(15006; Sigma).

Gray-scale scanning analysis

Gray-scale scanning was used to analyze the protein level on western
blots, which was performed using the Gel-Pro Analyzer 4.5 software
(Media Cybernetics, Bethesda, MD, USA).

Statistical analysis

For statistical analysis, two-tailed Student’s ttest and x* test
were performed using the Statistical Analysis System software
(SAS 9.1 TS level 1M3, SAS Institute, Cary, NC, USA). In all cases, a
P-value of < 0.05 was considered significant.
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